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Polaritons are an emerging platform for exploration of synthetic materials [1] and quantum in-
formation processing [2] that draw properties from two disparate particles: a photon and an atom.
Cavity polaritons are particularly promising, as they are long-lived and their dispersion and mass
are controllable through cavity geometry [3]. To date, studies of cavity polaritons have operated in
the mean-field regime, using short-range interactions between their matter components [4]. Rydberg
excitations have recently been demonstrated as a promising matter-component of polaritons [5], due
to their strong interactions over distances large compared to an optical wavelength. Here we ex-
plore, for the first time, the cavity quantum electrodynamics of Rydberg polaritons, combining the
non-linearity of polaritonic quantum wires with the zero-dimensional strong coupling of an optical
resonator. We assemble a quantum dot composed of ∼ 150 strongly interacting, Rydberg-dressed
87Rb atoms in a cavity, and observe blockaded polariton transport as well as coherent quantum
dynamics of a single polaritonic super-atom. This work establishes a new generation of photonic
quantum information processors and quantum materials, along with a clear path to topological
quantum matter[6].
A strongly nonlinear resonator is the fundamental
building block of both photonic quantum materials [1]
and photonic quantum information processors [7]. In the
former case, coupling such resonators together yields an
interacting lattice model [8], and more general resonator
geometries give rise to photonic quantum Hall physics,
frustration and glassy physics [9], and long-range inter-
actions [10]. In the latter case, a single such resonator
may act as either a quantum bit or quantum gate, with
coupling between resonators providing light-speed infor-
mation transport.
In recent years a number of different experimen-
tal platforms have emerged to realize single-photon-
level non-linearities. In spite of their small absorption
cross-section, individual atoms coupled to high-finesse,
small-mode-volume optical resonators satisfy the require-
ments [11, 12], but face numerous engineering challenges
in scaling up to multiple cavities or modes [13]. Recently,
it was demonstrated that atoms separated by micron-
scale distances could be induced to interact through a
Rydberg excited state [14, 15], enabling them to act as a
“super-atom” with the absorption cross-section of many
atoms and the non-linearity of a single emitter. In such
a configuration, one-dimensional photonic quantum wires
have been realized [5, 16–19], where individual photons
collide with high probability.
An appealing possibility is to marry the two ap-
proaches [20], employing Rydberg “super-atoms” in an
optical resonator. Prior efforts in this direction [21, 22]
have achieved weak mean-field interactions of many pho-
tons; here, for the first time, we enter the regime of strong
interactions between individual photons by harnessing
advances in resonator design (see SI C) that mitigate cou-
pling of the delicate Rydberg atoms to nearby surfaces.
We realize a zero-dimensional quantum dot, creating a
versatile strongly interacting platform for quantum in-
formation processing and materials synthesis [3, 23, 24].
In the weakly interacting regime, resonators have al-
ready been employed to explore a number of phenomena,
including non-local and frustrated interactions between
atoms [9, 25, 26], quantum-degenerate fluids [4, 27], and
Landau levels on curved manifolds [6]. The ease of in-
jecting and selectively removing photons has enabled a
new generation of dissipatively-engineered materials [28],
along with proposals to stabilize more exotic phases [29–
31].
In what follows, we describe our cavity Rydberg
polariton-based quantum dot and show that it ex-
hibits the defining features of strong nonlinearity at the
single-photon level. We begin by demonstrating strong
light-matter coupling via spectrally isolated Rydberg-
polariton resonances and then probe the strong inter-
actions between individual polaritons through transport
blockade, single-polariton Rabi oscillations and ring-
down of the dot’s occupation. We conclude with a discus-
sion of applications in quantum information, as well as
strongly-correlated and topological phases of matter, ex-
plored through the use of recently developed dissipative
engineering tools.
We load a sample of 2600(500) atoms into the
12µm×14µm waist of a high finesse single mode optical
resonator (Fig. 1a,c), at a peak density of 1× 1011cm−3.
These atoms are distributed over a 35 µm RMS axial
length which may be reduced to 10 µm RMS by spatially
selective optical depumping, or “slicing” (see SI B). Due
to strong light-matter coupling, the modes of the sys-
tem hybridize, forming polaritons: composite states of
a resonator photon and an atomic excitation. One of
the polaritons, called the “dark” polariton, consists pri-
marily of a Rydberg excitation admixed weakly with a
resonator photon (Fig. 1b). The strong repulsion be-
tween nearby Rydberg atoms enables dark polaritons to
interact strongly with one another. The tightly confined
geometry of the resonator mode and atomic sample gives
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FIG. 1. Rydberg Polariton Blockade in an Optical Resonator. (a) Because photons do not naturally interact with
one another, we employ atoms to mediate interactions. We employ an optical resonator to couple 780 nm photons to a sample
of N ≈ 150 87Rb atoms, thereby benefiting from a collective √Ng enhancement in the single atom-photon Rabi frequency,
g. After a probe photon is absorbed collectively by the atomic ensemble, the atoms are driven coherently to the n = 100
Rydberg state using a 480 nm “control” laser with Rabi frequency Ω. Rydberg atoms interact strongly with one another,
and the light-matter coupling imprints these interactions on the 780nm photons. (b) When we probe the spectrum of this
strongly-coupled light-matter system, we observe three distinct peaks corresponding to the three quasi-particle eigenstates,
called polaritons: two broad “bright” polaritons, with a linewidth set by the excited state spontaneous decay rate Γ, and one
narrow, tall dark polariton in the middle, with a loss rate γD independent of Γ. The dark polariton is the narrowest and most
Rydberg-like quasi-particle, so it provides the best platform for mediating interactions between photons. (c) Atoms from a
magneto-optical trap (not shown) are loaded into the smallest waist of an optical resonator, which is itself resonant with the
780 nm light. Each photon that enters the resonator hybridizes with the atomic sample to create a dark Rydberg polariton
that excludes any other Rydberg excitations within a surrounding “blockade volume”. To ensure that any pair of photons
interacts strongly, it is necessary to spatially restrict the atoms to a volume less than this blockade volume. The atomic cloud
is sliced longitudinally (along the resonator axis) by spatially selective optical depumping (see SI B) so that, in combination
with the radial selectivity of the resonator mode, all photons in the resonator create a Rydberg excitation within a single
blockade volume and therefore interact strongly with one another. Signatures of this interaction are then observed in the 780
nm photons that leak out through one of the resonator mirrors, pass through a 50:50 beam-splitter (BS) and are measured by
single photon detectors (D1 and D2). (d). The system behaves as a zero-dimensional strongly interacting quantum dot. The
weak probe field is in a coherent state of some small parameter α, represented by the red curve which consists primarily of
zero photons, occasionally one photon, and infrequently two photons, when counts are binned into a time 1/γD. Each photon
enters the cavity as a dark polariton, and strong Rydberg-Rydberg interactions cause the first polariton to broaden and shift
the dark polariton resonance sufficiently to preclude injection of a second polariton simultaneously; accordingly, only isolated
photons emerge from the cavity.
rise to a zero-dimensional, strongly interacting polari-
tonic quantum dot; like its solid-state counterpart, the
electronic quantum dot [32], it exhibits blockaded trans-
port (Fig. 1d).
To investigate the properties of our polaritonic quan-
tum dot, we first probe the excitation spectrum of the
laser-dressed cavity-atom system: in Fig. 1b we plot the
quantum dot’s transmission spectrum on the {5S1/2F =
2} → {5P3/2F = 3} → {100S1/2} transition, with-
out slicing the cloud. We observe two spectrally-broad
“bright” polaritons composed primarily of an admixture
of a resonator photon and a P-state atom, whose spectral
separation is an indication of strong light-matter cou-
pling. The central feature, however, is the spectrally
narrow dark polariton, composed of a coherent superpo-
sition of a 100S excitation, and a resonator photon, with
the mixing ratio set by the dark-state rotation angle [33]:
tan θ =
√
Ng/Ω = 2.9(5), for our typical conditions. The
Rydberg component of the dark polariton enables it to
strongly repel other dark polaritons within a surrounding
“blockade volume,” which scales with n
11
2 where n is the
Rydberg level’s principal quantum number. It is for this
reason that we employ n = 100 Rydberg atoms, as their
extreme properties make this blockade radius on the or-
der of the sample size. Indeed, as we increase the probe
power, the fractional transmission on the dark polariton
resonance drops, as shown in Fig. 2; this indicates that
the strong repulsion between polaritons suppresses their
simultaneous injection into the dot.
In order to demonstrate that the dark polaritons in-
teract strongly with one another within the quantum
dot, we explore their simultaneous transport through it.
We achieve this by injecting photons into the resonator
at the energy of the dark-polariton feature, such that
the photons become dark polaritons upon entering. The
strong repulsion between polaritons shifts the energy and
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FIG. 2. Nonlinear Spectroscopy of a Polaritonic Quan-
tum Dot. The quantum dot’s transmission versus probe fre-
quency is plotted for varying incident photon rate from 320
ms−1 to 98.8 µs−1 in log-uniform steps. Because the atomic
sample employed in the present dot is unsliced and thus com-
prises several (∼ 3) blockade volumes, interactions are nearly
mean-field; we thus observe smooth broadening and trans-
mission suppression of the dark polariton peak (at δ = 0
MHz). The bright polariton resonances at δ = ±7 MHz are
not suppressed at high probe rate, because bright polaritons
have little Rydberg admixture and are thus essentially non-
interacting. The data for the three lowest powers are Gaussian
filtered (with σfilter = 481 kHz) outside of the interval (-1.5
MHz, 1.5 MHz); all data are normalized to the bare cavity
transmission.
reduces the lifetime of a second polariton in the dot,
thereby precluding its injection. In an electronic quan-
tum dot the analogous Coulomb-blockade physics is typi-
cally ascertained from the dependence of transport upon
bias-voltage [32]; by contrast, we directly observe sup-
pression of simultaneous polariton transit by detecting
when photons tunnel through the dot. This is achieved
via the temporal intensity autocorrelation function, or
g2, of the cavity transmission, plotted in Fig. 3: a sup-
pression near τ = 0 indicates interaction-driven suppres-
sion of double-occupancy of the dot, while the rise-time
back to steady-state reflects the smaller of the drive Rabi-
frequency and polariton linewidth. In Fig. 3a the un-
sliced cloud (gray trace) exhibits only weak suppression
of g2 near τ = 0 because this dot is large enough to
hold multiple polaritons along the resonator axis simul-
taneously; the sliced cloud (blue trace) exhibits a strong
suppression (g2 = 0.27(8)) because it can hold only a
single polariton at a time. In both cases, the ∼ µs-
timescale corresponds to a polariton linewidth slightly
narrower than the 2pi × 400kHz observed in Fig. 1b, in-
dicative of slight inhomogeneous broadening (see SI F).
In Fig. 3b, we explore the g2 of a polaritonic dot in the
85S Rydberg state, which exhibits yet weaker g2 suppres-
sion because this dot can support multiple excitations in
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FIG. 3. Transport Blockade of Cavity Rydberg Po-
laritons. (a) A smoking gun of strong interactions in a
quantum dot is suppression of near-simultaneous particle-
tunneling through it. In our polaritonic dot, this manifests
as a suppression of near-simultaneous transit of photon pairs
through the resonator, quantified by the temporal intensity
autocorrelation function g2(τ); this function compares the
rate of photons leaking out of the resonator separated by
a time τ to a Poisson-process with the same average rate.
While probing the cavity on the peak of the dark polariton
resonance in a sliced, 10 µm RMS length atomic cloud, we ob-
serve a ∼ 5x suppression of two-photon events relative to the
long-time value depicted in the inset (blue curve, g2 = 0.27(8)
near τ = 0 compared to g2 = 1.3 at long times). The unsliced
cloud length is 37 µm RMS, containing numerous blockade
volumes; accordingly it provides a much weaker suppression
of g2 near τ = 0 (gray). That it provides any suppression at
all is only due to the mutual coupling of all blockade volumes
to the same resonator mode. The common 900 ns exponential
rise time of the g2 indicates equal dark polariton linewidths
in the sliced and unsliced clouds. (b) g2(τ) is plotted on the
dark polariton resonance of the 85S1/2 Rydberg state with
a sliced cloud, where the reduced blockade radius begins to
allow multiple blockade volumes in the transverse plane. (c)
g2(τ) is plotted while probing a bright polariton resonance
at n = 100. Decreased Rydberg state proportion reduces
the interaction strength while the significant excited state
contribution substantially increases the polariton linewidth;
the excitation spectrum thereby becomes linear and no sub-
Poissonian statistics are observed. For a and b, the large-τ
value of g2 exceeds 1 due to atom number fluctuations, which
lead to a variation in the on-resonance transmission. In the
inset to a, the time-bins for |τ | > 0.8 µs are larger by a factor
4 to reveal large τ trends.
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FIG. 4. Dynamical Evolution of a Polaritonic Quantum Dot: Ring-up and Ring-down. When the dot is simultane-
ously excited with many photons within the dark polariton lifetime, these photons stimulate coherent tunneling of a polariton
into and out-of the dot, before the dot finally equilibrates. In (a), we excite the resonator on the dark polariton resonance
for 5 µs and record the transmitted intensity during the equilibration process, and subsequent ring-down. As the probe power
is increased (blue to red), the overall transmitted power increases and a significant oscillation develops, reflecting the Rabi
oscillation of the dot between zero and one polariton states. The ring-up of the resonator is compared to master equation nu-
merics (see SI I). The slow dynamics (∼ µs timescale) reflect the tunneling oscillations between zero and one dark polaritons,
while the fast dynamics (on a ∼ 100 ns timescale) reflect weak off-resonant excitation of the broad bright polaritons. Bright
polaritons are very light-like (see Fig. 1), and thus interact only weakly and do not saturate with increasing probe power. Ac-
cordingly, they produce a growing background at the highest probe powers (nearly 50% of the observed signal), which weakens
the observed saturation of the resonator transmission (see panel c). (b) To isolate the physics of the dark polariton saturation
from the bright polariton background, we explore the ring-down of the dot once the probe field removed. The first ∼ 100 ns
of ringdown is dominated by the fast decay of bright polaritons, with oscillations arising from interference of upper and lower
bright polaritons. At later times, the cavity leakage is dominated entirely by the dark polaritons, with a lifetime substantially
longer than the bare resonator (gray). To learn about the steady-state dark polariton number, we extrapolate the slow decay
of cavity emission to the beginning of the ring-down. (c) The actual cavity-emission at the beginning of the ring-down reflects
both bright and dark polariton occupation in the dot, and does not saturate with increasing probe power (white, open); by
contrast, the extrapolated zero-time dark polariton emission rate saturates strongly (black, solid) and its linewidth decreases
(blue). The saturated dark polariton number at the highest probe power is nD = 0.16(8) (see SI H).
the plane transverse to the resonator axis. To further
demonstrate that we are exploring the physics of polari-
tons composed of many strongly interacting atoms, and
not single-atom Jaynes-Cummings physics [11], in Fig.
3c we plot g2(τ) while probing on a bright polariton res-
onance, and observe no suppression of the g2 whatsoever.
Bright polaritons are weakly interacting due to their re-
duced Rydberg component and increased linewidth, so
no anti-bunching is expected here, except in the case of
precisely one atom within the resonator.
To investigate the coherent dynamics of the polaritonic
dot, we probe it with a laser pulse at the energy of the
100S dark polariton resonance and observe the transmit-
ted light as the intra-cavity polariton field rings up and
then down. Figure 4a shows the ring-up dynamics for
various probe intensities, exhibiting Rabi oscillations be-
tween zero and one dark polaritons at the highest inten-
sities, indicative of a strongly blockaded dot interacting
with many photons within the polariton lifetime. The
dark polariton oscillations exhibit a Rabi frequency of
Ωpolariton = 2pi × 318 kHz, in agreement with a first-
principles calculation based upon the probe power (see
SI G). The solid curve is the numerical integration of
a simple master-equation model (see SI I) allowing up
to two interacting Rydberg excitations within the sys-
tem. The fast ∼ 100ns Rabi oscillations arise from off-
resonant excitation of non-interacting bright polaritons,
and as such their waveform is simply proportional to
probe power, growing in proportion to the dark polari-
ton signal which saturates due to the strong interactions
between dark polaritons. To disentangle the bright and
dark contributions to the signal, Fig. 4b shows the ring-
down of the dot once the probe beam is turned off. At
each probe intensity, the curve consists of slow and fast
exponential decays; the slow feature (with time constant
of τ = 590(70)ns), reflects the dynamics of the dark po-
lariton, and the fast dynamics reflect decay of the two
interfering bright polariton modes. Figure 4c shows the
extrapolation of the slow decay of the cavity emission to
zero-time (solid, black curve), plotted against the drive
power. The strong saturation with drive power again in-
dicates the blockade of the dark polariton manifold. To
further demonstrate this saturation, we measure the g2 of
the slowly-decaying tail of the ring-down (after the bright
5polaritons have all decayed away), and find g2 = 0.31(7).
In this work we have demonstrated, for the first time,
strong interactions between individual cavity Rydberg
polaritons. Beginning with a spectroscopic demonstra-
tion of well-resolved polaritonic quasi-particles in the res-
onator transmission spectrum, we explore the interac-
tions between dark polaritons via the statistics of pho-
tons tunneling through the cavity; strong anti-bunching
at zero-time separation validates a model where a single
intra-cavity polariton shifts and broadens the energy for
the injection of the next polariton by more than the po-
lariton linewidth, strongly suppressing its tunneling into
the resonator until the first polariton tunnels out. We
are further able to observe coherent tunneling of a single
polariton into and out of the resonator when the system
is simultaneously subjected to many photons within the
dark polariton lifetime.
Cavity polaritons are now ripe for applications in both
quantum information processing [34, 35] and synthetic
quantum materials. Recent work has demonstrated syn-
thetic magnetic fields for resonator photons [6]; in con-
junction with the present work, there is now a clear
path to strongly correlated photonic quantum materi-
als [1, 36]. Broadly, the numerous proposals to study
synthetic quantum matter in cavity arrays and con-
tinua [1] can now be explored in the modes of a sin-
gle multi-mode optical cavity, employing Rydberg atoms
to mediate strong photon-photon interactions; achiev-
ing stronger light-matter coupling will require only addi-
tional atomic density, rather than increasingly challeng-
ing advances in optical super-mirror technology neces-
sary for single-emitter approaches. Upcoming challenges
will center upon harnessing these developments to an-
swer questions in dissipative preparation of manybody
quantum states [29–31], and exploration of the result-
ing phase diagrams [37] with manipulation and detec-
tion [38, 39] unique to quantum optics.
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Supplement A: Methods
Our experiments begin with a magneto-optical trap
(MOT) of 107 87Rb atoms which is polarization-gradient-
cooled to a temperature of 15 µK, and loaded into a
1D (vertical) optical conveyor belt (with waist 85 µm).
It is then transported 32.1 mm in 13 ms into a four-
mirror optical resonator, by detuning one of the lattice
beams by up to 5 MHz, with a maximum acceleration of
∼ 1000m/s2. The resonator has a waist of 12µm×14µm,
located at the position of the atomic sample, and a fi-
nesse of F = 1480(50) at 780nm, on the Rb D2 line (see
SI C). This results in a maximal single-atom coopera-
tivity on the cavity axis of η = 0.26 [40], corresponding
resonator linewidth κ = 2pi × 1.6 MHz and single-atom
single-quantum Rabi frequency g = 0.78 MHz on the
|F = 2,mF = 2〉 → |3′, 3〉 transition of the 87Rb D2 line,
on the resonator axis, for a circularly-polarized TEM00
running-wave mode. Although the cavity mode is linearly
polarized, using the maximal Clebsch-Gordan coefficient
provides a well-defined notion of effective atom number.
The atomic cloud at the location of the resonator has
dimensions 35µm×41µm×37µm, at a density of 1.1 ×
1011cm−3; to realize a strongly interacting 0-D quantum
dot, the sample must be smaller than the blockade ra-
dius of 15µm in the 100S Rydberg state [2]. The optical
resonator waist defines a 1e2 sample of radius ∼ 13µm
along two axes; unlike free-space experiments [5], our 0-
D resonator-defined dot must be smaller than a blockade
radius even along the resonator axis in order to enter the
strongly interacting regime. To achieve this longitudi-
nal confinement, we employ super-resolution slicing: the
atoms are locally re-pumped into the |F = 2〉 hyperfine
state (which couples strongly to the resonator mode) with
a beam whose waist is 81 µm, and then depumped with
a ∼ TEM10 beam whose line-node is located within the
atomic cloud, leaving a sample with RMS length ≈ 10µm
(see SI B).
To capture photon arrival times for correlation exper-
iments, we employ a home-built 8-channel photon time-
tagger with 8 ns resolution on each channel, based upon
an Opal Kelly XEM6001 field-programmable gate array.
A similar device is employed to store histogram data for
ring-down and spectroscopy experiments.
Supplement B: Atom Slicing
The atom cloud that is moved into the cavity has a
dimension of 35× 41× 35µm3 which is much larger than
the Rydberg blockade radius. The small cavity waist
defines a small sample along the transverse direction to
the resonator axis, but the cloud is still extended longi-
tudinally. To confine the atom cloud outside the waist,
we firstly shine a large global depump beam (Fig. 5a)
with a waist size of 500µm. The laser is on resonance
with |F = 2〉 → |F ′ = 2〉 transition and depumps all the
atoms into |F = 1〉 ground state. A vertical local repump
beam (Fig. 5b) tuned to the |F = 1〉 → |F ′ = 2〉 transi-
tion is then switched on for 2µs. The beam is narrow in
the cavity axis in order to only repump the atoms in the
center of the cloud. Finally, another slicing beam with a
TEM10 like beam profile (Fig. 5c) is turned on and tuned
to |F = 2〉 → |F ′ = 2〉 transition. The node of the mode
is aligned to the center of the cloud which coincides with
the cavity waist. After the final slicing, the longitudinal
size of the atomic cloud is reduced to ∼10µm. The probe
and control beam are then turned on after the slicing. To
avoid creating shelved Rydberg atoms, a 2 µs gap time
is set between the slicing and probe process.
During the 1 ms probe time, 10 slice-probe cycles are
implemented to maintain the confinement of the atomic
cloud. The lattice is turned off throughout the process
(primarily to avoid broadening the Rydberg level), and
thus the location and size of the cloud will change due to
the gravity and finite temperature. The free fall limits
the total probe time to less than 1.5ms, during which
time the cloud falls by 11.5µm; within this same interval
the cloud also expands to ∼100µm, larger than the slicing
beam. As such, a global depump is performed at the
8beginning of each slicing sequence to remove all the atoms
in the tails, as they would not be depumped effectively by
the slicing beam. To maintain constant atom number in
the sliced cloud over all 10 slicing cycles in spite of cloud
expansion, we repump more weakly in first cycle, and
increasingly strongly over subsequent cycles. In so doing
we trade-in peak density for atom number uniformity.
It bears mentioning that the magnetic field is zeroed at
the cavity waist in order to minimize the dark-polariton
linewidth, without necessitating optical mF pumping.
The |F = 2〉 → |F ′ = 2〉 beams will thus optically pump
some of the atoms into a dark state before depumping
them to the |F = 1〉 ground state. To break this dark-
state, the global depumping beam is sent through an
electro-optical modulator (EOM) with the polarization
45◦ off of the EOM axis; the EOM is then driven at a
frequency of 2pi× 390kHz, producing polarization modu-
lation of the output light. Unfortunately this method
is inapplicable to the slicing beam, because it passes
through a polarizing beam splitter downstream in the op-
tical path. To rotate the atoms out of the dark state in
the slicing process, a weak polarization scrambling beam
on |F = 2〉 → |F ′ = 3〉 transition with linear polarization
is applied with the slicing beam.
The cavity mode overlaps with the lattice beam at
three points (lower waist, upper waist, and the crossing
point). If a fraction of the transported atomic cloud is
improperly decelerated, it can transit the crossing point
or the upper waist. This sub-sample will behave as an
absorbing medium, broadening the EIT feature and de-
stroying the blockade effect. To remove these residual
atoms, a “blasting” beam from the side which is tuned
to |F = 2〉 → |F ′ = 3〉 is aligned between the lower waist
and the crossing point. The power of this beam is set
to push the atoms away before they reach the crossing
point.
Supplement C: Cavity Details
Our four mirror running wave resonator is arranged in
a bow-tie configuration comprised of two convex mirrors
and two concave mirrors in order to satisfy several oppos-
ing design constraints: To force cavity Rydberg polari-
tons to interact, the atomic sample size must be suitably
small. The participating atomic region may be defined
in two dimensions by the resonator mode cross-section,
so the mode waist must be small (or radial slicing of the
atomic cloud must be performed); we targeted 10-15 µm.
The simplest technique for creating a stable resonator
with a small waist is to use short focal length mirrors
relatively close together. However, from our experience
with a previous experimental cavity and its electric field
filter [22], we found that any material close to Rydberg
atoms, either dielectric or metallic, will build up charges
or dipoles (from Rb adsorbates), the electric fields from
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FIG. 5. Slice-probe sequence beam setup and his-
togram of single photon events for the g2 measure-
ment. (a-e) shows the beam setup and the atomic state
of one slice-probe cycle. The atoms color coded with blue is
in |F = 2〉 ground state, and those in gray are depumped to
|F = 1〉 ground state. The histogram of photons detected by
the single photon counter is shown in f. The events colored in
red are used to obtain the time correlation shown in Fig. 3.
To obtain the ring down measurement, we turn on and off the
probe beam 8 times during the probe stage (red background).
The histogram for the modulated probe is shown in Fig. 11.
which unacceptably broaden Rydberg lines above n ∼ 60.
This necessitates using longer focal length mirrors so that
they may be placed further apart. Then, the only way
to produce a small waist is a large mode size on the sur-
face of these mirrors. For this reason, bow-tie resonators
often have a longer upper arm with relatively flat mir-
rors so that the beam may expand due to diffraction,
thereby increasing the beam size at the lower mirrors
and so reducing the waist size. Having a longer upper
arm, however, was unacceptable for two reasons: First,
the resonator linewidth would decrease (at constant fi-
nesse), which proportionally decreases the data collec-
tion rate, (and the autocorrelation-data rate goes as the
square of this rate). Second, the resonator is loaded into
our vacuum chamber through a 62 mm diameter tube,
which therefore sets an absolute maximum exterior size.
Both of these limitations could be avoided, however, by
utilizing convex mirrors in the upper arm; the defocus
that they create acts, for our purposes, equivalently to
diffractive expansion.
With numerical modeling, we arrived at an acceptable
configuration of the resonator given these constraints,
providing a ∼ 13µm waist at least 12 mm away from
the nearest surface. To provide passive electric field at-
tenuation, the steel mounting structure fully encloses the
locking piezo, which can be driven up to 1 kV, and the
front surface of every mirror is covered except for small
aperture at the mode location. Additionally, eight screw-
head electrodes provide active electric field control, and
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FIG. 6. (a) A schematic of the resonator. The transverse size
of the mode reflects the results of numerical calculation given
the resonator geometry and is represented to scale but for a
factor of 10 magnification compared to the mirror dimensions
and locations. (b) The numerically calculated mode waist
sizes are plotted as the resonator length is increased with
constant aspect ratio. The cavity is stable over a 1.5 mm
range, although near the edges of that range, it becomes sig-
nificantly astigmatic. We set out to build the resonator at the
middle where the modes waists are equal; however, assembly
imperfections resulted in a somewhat shorter actual length,
indicated by the dashed line. (c) A photograph of the in-
vacuum experimental apparatus showing the resonator (top),
the MOT coils (bottom), and Rubidium dispensers in their
macor mount (right). The lower resonator mirror is mounted
on a piezo tube which is glued to the lower circular steel disk
on the resonator structure. Through the upper mirror, a nar-
row slot may be seen. Such slots are the only opening to the
front of the mirrors and serve as a passive electric field filter to
reduce the effect of charges that may build up on the mirrors’
dielectric surfaces. Six out of the eight electrodes are visible:
four from the outside showing their attachment to wires via
gold plated crimps, and two on the inner surface of the cavity.
The heads of the screws form the surface of the electrode.
the two separate halves of the mounting structure may
each be set to an arbitrary electric potential. In total,
this provides ten degrees of freedom to control the eight
independent electric field and electric field gradient com-
ponents. Finite element analysis based on 3D CAD de-
signs then provide the conversion matrix between applied
electrostatic potentials and the electric field and gradi-
ents at the mode waist. Since the number of electrodes
exceeds the number of controlled components, we calcu-
late and use the ‘optimal’ conversion matrix which min-
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FIG. 7. The previous experimental resonator had material
∼1.5mm away from the atomic sample at the resonator waist.
Even with eight electrodes to control the electric field envi-
ronment, this led to significant electric fields and gradients at
the atoms. These fields increase the Rydberg state loss, γR,
as seen in fits to broad EIT spectra (blue). The current ex-
perimental resonator places the nearest material over 12 mm
away from the atom, with most material well over 1cm away.
After optimizing the electric field environment via electrodes,
we find that the Rydberg state loss decreases slightly with
principal quantum number.
imizes the applied electric potentials.
Figure 7 shows the evolution of Rydberg linewidth with
principal quantum number over two resonators: one with
material ∼ 1.5mm [22] from the laser-cooled atomic sam-
ple, and the optimized structure employed in this work
(see Fig. 6c), where the closest surface is 12 mm from the
atomic sample. This change produces a ∼ 3000-fold re-
duction in field-induced broadening, enabling us to enter
the strongly-interacting regime.
The resonator’s upper mirrors are plano-convex with
a 50 mm radius of curvature while the lower mirrors are
concave with a 25 mm radius of curvature. The two up-
per mirrors and the non-piezo lower mirror have a cus-
tom coating provided by Layertec GmbH, specified to
have a 99.9% reflectivity at both 780 nm and 1560 nm,
while having >95% transmission at 480 nm. The other
lower mirror has a coating by Advanced Thin Films with
much higher reflectivity of 99.995%. While the optimal
finesse for this resonator would be ∼ 2100, contamina-
tion during resonator alignment resulted in additional
loss and a cavity finesse of F = 1480(50). The free
spectral range is 2204.6 MHz, measured with an EOM
sideband, and the polarization eigenmodes are approxi-
mately linear and split by 3.6 MHz. The measured abso-
lute on-resonance transmission, in-coupling through one
upper mirror and out-coupling through the other up-
per mirror, is Tcav = 8.2%, providing an estimate of
the single pass transmission through an upper mirror
Tupper =
√
Tcav
pi
F = 0.061%, and a probability of out-
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coupling any given intra-cavity photon through a top
mirror of Poutcoupling =
FTupper
2pi = 14%.The detection
path efficiency (after resonator out-coupling, and exclud-
ing the detector) of 92% is dominated by narrow line fil-
ters used to block external background light and down-
converted 480 nm photons (see SI E). The output is
split on a 50:50 beam-splitter, and the resulting beams
are aligned (with 97% efficiency) to two single photon
counting modules with a quantum efficiency of 55%. The
total detection path quantum efficiency (for both detec-
tors together) is thus ηtot = 7.3%. From this, we cal-
culate a conversion between photon detection rate and
intra-cavity photon number of 708× 103s−1 /photon.
Supplement D: Cavity Locking
We lock the experimental resonator to an arbitrary de-
tuning from the atomic resonant frequency, first by lock-
ing a frequency doubled 1560 nm laser to an ultra sta-
ble notched Zerodur cavity, (Stable Laser System Model
VH6020-4 with linewidths of 2pi× 55 and 2pi× 41 kHz at
780nm and 960nm nm, respectively), and then lock the
experimental resonator to the 1560 nm laser. The 780 nm
lock to the ultra-stable cavity is accomplished via a two
tone Pound-Drever-Hall technique. An EOM modulates
the 780 nm light at two frequencies, one at 10 MHz, the
other an arbitrary DDS-generated, computer controlled
frequency between 50 MHz and 1.5 GHz. Demodulation
of the reflection signal at 10 MHz provides three lock-
ing features, one at the cavity resonant frequency, one at
the cavity resonant frequency plus the DDS frequency,
and one at the cavity resonant frequency minus the DDS
frequency. By locking to either the upper or lower side-
band locking feature, this scheme allows locking the 780
nm probe (and hence 1560 nm) carrier frequency to an
arbitrary frequency relative to the atomic resonance.
The experimental resonator is locked to the 1560 nm
laser via two tone frequency modulation spectroscopy of
the resonator, with feedback controlling the length of a
piezo tube on which one of the lower resonator mirrors
is mounted. The error signal generation is similar to the
Pound-Drever-Hall technique used with the ultra-stable
cavity, except that we demodulate the transmission sig-
nal rather than the reflection because the reflection is
not directed through a window of the vacuum chamber.
While this in principal lowers the response of the lock
above the resonator’s 1560 nm linewidth (9MHz), the
locking bandwidth is in practice limited much sooner by
piezo-mount resonances at few kHz level. This permits
locking the resonator to an arbitrary detuning from the
atomic resonance.
Slow drifts in temperature cause the resonator piezo
locking voltage to drift, with a single 1560 nm free spec-
tral range corresponding to ∼500 V on the piezo (the
piezo is non-linear, so this depends on where in the 1 kV
range of the piezo the FSR is measured). In particular,
daily modulation of the Rubidium dispenser current and
variations in the MOT coil current cause heating of the
resonator. Because the resonator is thermally well iso-
lated from the environment, the thermal relaxation time
constant is ∼1 hour. The thermal impulse is also signif-
icant: when the dispensers are turned on, the resonator
drifts through 4-5 1560 nm free spectral ranges before
settling. A particularly concerning effect from this volt-
age drift is the variable electric field experienced by Ry-
dbergs at the mode waist. We expended considerable
effort to isolate the atoms from charge buildup and the
piezo voltage, but still found that, at 100S, a drift of ∼30
V on the piezo would shift and broaden the dark polari-
ton significantly. At 121S, only a few volts of piezo drift
are necessary to shift out of EIT resonance.
In order to remove this instability, we implement slow
digital feedback on the piezo locking voltage by heating
the steel resonator structure using a pulse-width mod-
ulated 980 nm laser with ∼1 W of power focused to a
∼1 mm diameter spot. This slow feedback stabilizes the
locked piezo-voltage to a set-point of 60 V, with RMS
error of <0.05 V.
Supplement E: Fluorescence/Parametric
down-conversion background of 480nm → 780nm
photons
We employ free-space single photon counting modules
(SPCMs) to improve our detection path efficiency. Care-
ful elimination of environmental backgrounds enables us
to reach the manufacturer-specified 50 Hz dark count rate
of the detectors. However, in the presence of the 480nm
control field, we experience 200 Hz of additional counts,
even with interference filters (blocking 300-1200nm, save
a ± ∼ 1 nm interval around 780 nm) placed in the
480nm path immediately before the vacuum chamber.
Removing this background required ultra-narrow filter-
ing around 780nm after the vacuum chamber, but before
the SPCMs, which we achieved with two 785 nm clean-up
filters (each ± ∼ 1 nm wide, with sub-nm edges) in the
detection path, and appropriately tilted to narrow the
filtering bandwidth by an order of magnitude, leaving an
excess background of only 20 counts/second.
The source of this background is either fluorescent or
spontaneous parametric down-conversion of 480 nm pho-
tons within the resonator mirrors and vacuum chamber
windows to 780 nm; this effect is not observable with
single-mode fibers in the detection path, as both fluo-
rescence and SPDC are highly multi-mode, and is thus
filtered out. The down-conversion almost certainly oc-
curs within the resonator mirrors, because the control
beam is focused to a tight spot at the resonator waist,
the intensity of the beam in the resonator mirrors is much
higher than in any other piece of glass.
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FIG. 8. A 3D CAD .stl model generated in SolidWorks is im-
ported into ElmerGUI finite element analysis package via the
Salome mesh generation software. The steel mounting struc-
ture, eight electrodes with their macor spacers, high voltage
piezo, and MOT coils are included in the model; an addi-
tional fictitious cube with a finer mesh is specified near the
atom location in order to increase the precision of the result.
Each insulator and conductor is assigned a permittivity or
voltage boundary condition respectively, with a large bound-
ing sphere enclosing the entire model (not shown) given an
‘effective infinite’ boundary condition. The electric field at
the atom position is calculated with each metal body set to
0V except for one set to 1V, and a python script then iterates
over which metal body is set to 1V. The results provide a
matrix converting electrode potentials to electric field at the
atoms. This may then be inverted and used in the exper-
imental control apparatus to convert a desired electric field
(or gradient) into applied voltages.
Supplement F: Inhomogeneous broadening and
Performance Limitations
We observe a slight disagreement between the mea-
sured T1 = 590 ns (and corresponding linewidth of
γEIT = 2pi × 270 kHz) and the width of the EIT fea-
ture in Fig. 1b of γEIT = 2pi × 400 kHz, indicating
∼ 2pi × 130 kHz of inhomogeneous broadening. This
inhomogeneous broadening impacts the EIT feature by
increasing its linewidth and suppressing its height, but
does not substantially impact the bright polariton fea-
tures due to their reduced Rydberg admixture and larger
intrinsic linewidth from P-state-admixture.
Indeed, a more careful examination of the central EIT
feature, shown in Fig. 9a, reveals a small splitting. We
postulate that this arises from a weak admixture of a
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FIG. 9. Structure of the EIT transmission peak. The
resonator transmission is plotted vs. probe detuning, on the
100S 1
2
EIT feature, at zero E- and B-field. Observed splitting
of the feature, of magnitude 2pi× 294 kHz, likely results from
weak Zeeman-coupling to a nearby degenerate Rydberg mJ
state.
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FIG. 10. Polariton Rabi Oscillation and Optical Bloch
Equation Fit. The Rabi oscillation between 0 and 1 dark
polaritons (Fig. 4a, highest power) is plotted subsequent to
the bright polariton dynamics of the first ∼ 440ns, along with
a fit to the Optical Bloch equation.
nearly-degenerate Rydberg state, potentially by a weak
Zeeman field, or Hyperfine coupling. Another possibility
is a near-degenerate ultra-long-range Rydberg molecular
state, explored recently by the Hofferberth group [41] at
slightly lower principal quantum numbers.
Supplement G: Calculation of Dark Polariton Rabi
Oscillation frequency
To extract the measured Rabi oscillation frequency be-
tween zero and one polaritons from the highest probe
power data in figure 4b, we fit the ring-up curve with
the solution of the optical Bloch equation starting with
ρ(t = 0) = |0〉〈0|:
ρee(t) =
1
2
− γ
2
γ2 + 8ω2
[
1 +
4ω2
γ2
e−3γt
(
cosχt+
3γ
χ
sinχt
)]
(G1)
Here χ ≡ 2√ω2 − γ2/4; the fit to the data yields
ω = 2pi × 318 kHz, corresponding to the observed 2pi-
pulse time of approximately 1.2µs, corrected for the rapid
decay γ = 2pi × 390 kHz.
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This ω should be compared to the Rabi frequency Ωp
predicted based on the cavity driving, which we extract
from the incident photon rate, Rinc:
Ωp =
√
Rinc
4
κ cos2(θ). (G2)
At the highest power, Rinc = 22 MHz, yielding Ωp =
2pi × 400(40) kHz, within ∼ 2σ of the measured value
above.
Supplement H: Calculation of high power steady
state dark polariton number
The intracavity dark polariton number is calculated as:
nD =
RD
κ cos2(θ)
(H1)
where RD = 0.18 µs
−1 is the steady state rate of photons
emitted from dark polaritons obtained from Fig. 4(c),
solid black curve, at the highest probe power, κ = 2pi ×
1.55 MHz is the cavity linewidth, and cos2(θ) = Ω
2
g2+Ω2 is
photonic fraction of the dark polariton, with g = 2pi×5.5
MHz and Ω = 2pi × 2.0 MHz. This yields nd = 0.16(8).
Naively, we would expect nD = 0.5, arising from an
equilibrated, strongly driven two-level system in the pres-
ence of loss. That the dark polariton number saturates
significantly lower than this is most likely due to a pop-
ulation of Rydbergs that is entirely decoupled from the
resonator:
In Fig. 12, we plot the results of a master equation fit
to the observed data in Fig. 4a of the main text, for all
drive powers. We employ shelved Rydberg probabilities
of αryd = {0.42, 0.5, 0.5, 0.42}, and γryd = 2pi × 120kHz;
the good agreement between theory and experiment val-
idates this model. A probable source of this background
is rotation of the collective Rydberg excitations into a
collective Rydberg state decoupled from the cavity (ei-
ther due change of collective symmetry, Zeeman shifts,
Doppler, etc.). Another possibility more technical in na-
ture: leakage of the ∼ 780nm slicing fields during the
probing process, creating a background of Rydbergs. All
of these processes result in a Rydberg excitation which
cannot be optically detected, but which nonetheless pre-
cludes injection of a further dark polariton.
The suppression of nD below 0.5 is also potentially
attributable to several other less-likely scenarios:
1. Long-lived Rydberg atoms are created by breaking
dark polaritons (in, for example Rydberg-Rydberg
collisions). These “shelved” Rydbergs would block-
ade the sample, resulting in a lower saturated dark
polariton number; to be long-lived, they would have
to reside in a different Rydberg level which is decou-
pled from the blue field. We check and discredit this
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FIG. 11. Ringdown Count Arrival Histogram. (a) The
entirely unfolded ringdown histogram of photon arrival times
(data from Fig. 4a, highest power) is built up over 16,000 in-
dividual runs of the experiment. Ten ‘reslicing’ intervals are
apparent, with the data used highlighted in purple, and the
first reslicing interval in orange. The smooth and relatively
minor fluctuation in the transmission rate over the course of
the 1 ms total probe time indicates successful reslicing with
constant atom number and the lack of shelved Rydbergs which
would reduce the transmission. (b) The same data are folded
over each reslicing interval, with the excess depump and re-
pump photons as well as the first and last probe cycles cut
out. This leaves six 10 µs probe cycles, the first of which is
highlighted in blue. When all six are folded on top of each
other, they yield data for Fig. 4. The steady transmission is
constant over these cycles indicating that Rydbergs are not
being shelved. (c) To investigate the possible buildup of stray
Rydberg atoms, we plot the folded data of the first reslicing
interval in orange, the folded data of the first probe cycle from
all reslicing intervals in blue, the entire folded dataset (same
as Fig. 4a, highest power) in green. If stray Rydbergs were
developing during each 1 ms run or within each reslicing in-
terval, either the orange or blue curves should saturate to a
significantly higher leakage rate.
possibility based on the photon arrival histograms
for the high power ring-down data shown in Fig.
11. There is no apparent reduction in resonator
transmission (the tell-tale sign of Rydberg-buildup)
within a single ring-up/ring-down cycle, over the 6
cycles that comprise a slicing interval, or over the
10 slicing intervals that comprise a full experimen-
tal cycle.
2. Multiple dark polariton modes contribute to the
(total) saturated polariton number of nD = 0.5,
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but we are only able to detect one of these modes.
For example, the dark polariton of the backwards-
propagating cavity mode is degenerate with the
forward-propagating dark polariton we excite and
detect. The strong interactions between polaritons
prohibit a second polariton from entering the cav-
ity; however, it may do so virtually, and thereby
induce coupling between the single excitations in
the forward- and backwards- dark-polariton man-
ifolds through the (interaction shifted and broad-
ened) two-polariton manifold. The small Rydberg
admixture of a bright polariton could similarly in-
duce such a forward-to-backwards conversion of a
dark polariton. Reasonable values for an interac-
tion shift along with the known dark polariton Rabi
frequency provide a rough estimate of the equilibra-
tion time between two degenerate dark polaritons
as short as ∼ 10 ns, while the observed curves place
an upper bound on such an equilibration time of
∼ 100 ns.
3. Inhomogeneous broadening causes jitter such that
the probe is significantly detuned from the dark po-
lariton resonance some of the time. This artificially
reduces the detected rate of photons but does not
change timescales such as the dark-polariton Rabi-
oscillation frequency or dark-polariton lifetime.
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FIG. 12. Master Equation Model to Ring-Up Data A
master equation model of the Ring-up dynamics at all probe
powers reflecting a shelved Rydberg which blockades dark-
polariton excitation with a probability of ∼ 50%.
Supplement I: A Simple Master-Equation Effective Model of Cavity Rydberg Polaritons
Here we present the simple master-equation model that we employ to model the dynamics of the cavity ring-up and
ring-down. Instead of employing the full model of N 3-level atoms coupled inhomogeneously to both the resonator
and control field, and interacting with one another in a position-dependent manner (as in the later SI section), here
we simply assume all atoms are identical, with an interaction in the Rydberg state of strength U . Accordingly, the
Hamiltonian is:
H = ωca
†a+ ωep†p+ ωrr†r + g
√
N(a†p+ p†a) + Ω(p†r + r†p) + ΩD(a† + a) +
U
2
r†r†rr (I1)
The evolution of the reduced density matrix ρ is given by a Lindblad master equation:
ρ˙ = −i[H, ρ] + κ
2
L(ρ, a) + Γ
2
L(ρ, p) + γr
2
L(ρ, r) (I2)
L(β) ≡ βρβ† − 1
2
{ρ, β†β} (I3)
The bosonic operators: a†(a) creates (destroys) a resonator photon; p†(p) creates (destroys) a P-state atom; and
r†(r) creates (destroys) a Rydberg atom. Our numerics begin at t = 0 with initial condition ρ(t = 0) = |0〉〈0|.
Here κ = 2pi×1.55 MHz is the cavity linewidth, Γ = 2pi×6 MHz is the atomic P-state linewidth, γr = 2pi×200 kHz
is the collective Rydberg-state linewidth [22], ωc = 2pi × 0 kHz is the resonator frequency in the frame rotating with
the probe beam, ωe = 2pi×0 kHz is the energy of the atomic P-state in the frame of the probe beam, and ωr = 2pi×0
kHz is the atomic Rydberg state energy in the frame of the probe and control beams. g
√
N = 2pi × 4.3 MHz is the
collective light-matter coupling, Ω = 2pi × 1.5 MHz is the Rabi frequency of the control field, U = 2pi × 4 MHz is a
parametrization of the typical Rydberg-Rydberg interaction strength, and ΩD = 2pi × 1.3 MHz is the strength of the
resonator driving field.
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The atom-photon coupling and the control Rabi frequency both fit to significantly lower values than fit to the trans-
mission spectrum in Fig. 1b indicates. This is directly related to the saturation of the dark polariton number below
nD = 0.5, which this model requires. By reducing g
√
N and Ω, the model increases the bright polariton population to
match the early peak in the lineshape characterized by artificially low saturated dark polariton number, while the free
overall scaling then allows the fit to match the total output. This model, then, is useful for phenomenologically identi-
fying features associated with bright polaritons versus dark polaritons and to understand the parametric dependence
of the system performance, e.g. atom number or probe power, but should not at present be trusted quantitatively.
A slightly more sophisticated model allows for a background of “shelved” Rybergs (really only one Rydberg, at
most) that does not dynamically evolve, but which may nonetheless blockade the system. Implementing such a model
with shelved Rydberg probabilities ranging from αryd = 0.42...0.5, and γr = 2pi × 120kHz, enables us to fix all other
experimental parameters to those observed in Fig. 1b: g
√
N = 2pi × 5.5MHz and Ω = 2pi × 2.0MHz, plus the
cavity-drive Rabi frequency calculated from the bare resonator transmission. This model reproduces the observed
steady state dark polariton emission rate at all drive powers, and agrees qualitatively with all features in Fig. 12.
To implement this model, we must add another Rydberg mode b corresponding to the shelved Rydbergs, with no
decay. The Hamiltonian is then given by:
H = ωca
†a+ ωep†p+ ωrnryd + g
√
N(a†p+ p†a) + Ω(p†r + r†p) + ΩD(a† + a) +
U
2
(n2ryd − nryd) (I4)
nryd = r
†r + b†b (I5)
We evolve our dynamics with an initial state: ρ(t = 0) = (1− αryd)|0〉〈0|+ αrydb†|0〉〈0|b.
Supplement J: An Efficient Approach to Calculate g2 and Linear Transmission
Here we provide an efficient way to calculate the transmission, up to first non-vanishing nonlinear order, of a
resonator coupled to interacting atoms. The linear part of the transmission requires no matrix inversions, while
the first nonlinear correction (the intensity-intensity correlator g2) requires a linear solve of a matrix of dimension
∼ N × N , where N is the number of atoms, much better than the na¨ive expectation of an ∼ N2 × N2 matrix. In
particular, we demonstrate that the sparsity of the (a) singly- and (b) doubly- excited manifolds may be harnessed
explicitly to completely remove the need for a matrix inversion, or vastly reduce the complexity of the necessary
inversion, respectively.
We first explore the closed-form calculation of the transmission, demonstrating not only that a matrix inversion
is unnecessary, but also that the transmission may still be written in closed form in the presence of a finite sample
size and probe beam size. This first computation is relatively straightforward, and sets the stage for the messier g2
calculation in the two-excitation manifold. We then explore the reduction of the g2 calculation from a (2N)
2× (2N)2
sparse-matrix inversion to a (2N)× (2N) dense-matrix inversion.
Non-Hermitian Perturbation Theory
Starting from a vacuum state |0〉 with no photons in the cavity, and each atoms in its ground state G, the system
may be driven via a cavity probe field into a steady state given by |ψ〉 = [Hˆ − nˆω]−1Vˆ [Hˆ − nˆω]−1Vˆ |0〉, where nˆ is
the operator that determines how many excitations are in the system, ω is the frequency of the incident cavity probe,
and Vˆ = Ωp(aˆ
† + aˆ), where Ωp parameterizes the strength of the probe field. In what follows the cavity propagation
axis is zˆ.
The Hamiltonian is given by:
Hˆ = ωcaˆ
†aˆ+
∑
m
[ωeσˆ
ee
m + ωrσˆ
rr
m + (gmaˆσˆ
eg
m + h.c.) + (Ωmσˆ
re
m + h.c.)] (J1)
+
1
2
∑
m6=n
σˆrrm σˆ
rr
n U(|~xm − ~xn|)
Here gm = ge
−|~xm×zˆ|2/w2c is the vacuum-Rabi coupling strength of atom m to the resonator mode of waist wc;
Ωm = Ωe
−| ~xm×zˆ|2/w2b is the strength of the laser-induced coupling between atomic states e and r, due to a (P-to-
Rydberg control) beam of waist wb. aˆ
† creates an intracavity photon; σˆµνp moves atom p from state ν to state µ; the
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allowed atomic states are g,e, and f ; U(r) is the atom-atom interaction potential, which exists only in the Rydberg
state. Furthermore, ωc = νc + I
κ
2 with νc the cavity frequency and κ the cavity linewidth. Similarly ωe = νe + I
Γ
2 ,
ωr = νr + I
γr
2 ; note that, as written, νi is the angular frequency corresponding to the state with (complex) energy
~ωi, not the related cycle frequency.
Resonator Transmission Spectrum
In the linear regime, the resonator transmitted field amplitude is given by t(ω) ≡ 〈0|aˆ|ψ1〉, where |ψ1〉 = [Hˆ −
nˆω]−1Vˆ |0〉. We would like to avoid having to perform a matrix inversion or linear solve to compute |ψ1〉; to this end
we rewrite the previous equations (noting that within the single excitation manifold, nˆ = 1):
[Hˆ − ω1]|ψ1〉 = Ωpaˆ†|0〉 (J2)
Next we write |ψ1〉 in a basis of single-excitation states:
|ψ1〉 =
[
Acaˆ
† +
∑
m
(Ame σˆ
eg
m +A
m
r σˆ
rg
m )
]
|0〉 (J3)
We now plug Eqn. J3 into Eqn. J2, yielding the following system of linear equations for Ac, A
m
e and A
m
r :
Ωp = Ac(ωc − ω) +
∑
m
g∗mA
m
e (J4)
0 = Ame (ωe − ω) + gmAc + Ω∗mAmr
0 = Amr (ωr − ω) + ΩmAme
We may now solve for Amr in terms of A
m
e : A
m
r = −Ame Ωmωr−ω , and plug into the equation for Ame , and solve in terms
of Ac:
Ame = −Ac
gm
(ωe − ω)− |Ωm|2ωr−ω
(J5)
Finally we plug this equation into the equation determining Ac in terms of the A
m
e , and solve, arriving at the
following expression for the cavity transmission:
t(ω) = Ac =
Ωp
(ωc − ω)−
∑
m
|gm|2
(ωe−ω)− |Ωm|2ωr−ω
(J6)
Resonator g2: Lowest Order non-Linear Transmission
To compute the first nonlinear contribution to the transmission, we need |ψ2〉 = [Hˆ − nˆω]−1Vˆ [Hˆ − nˆω]−1Vˆ |0〉 =
[Hˆ − 2ω1]−1Vˆ |ψ1〉. Following the preceding section, we rewrite this as: [Hˆ − 2ω1]|ψ2〉 = Vˆ |ψ1〉, and expand |ψ2〉 in
a two-excitation basis:
|ψ2〉 = Bcc 1√
2
aˆ†2|0〉 (J7)
+
∑
m
(
Bmceaˆ
†σˆegm +B
m
cr aˆ
†σˆrgm
)|0〉
+
∑
n 6=m
(Bmnee σˆ
eg
m σˆ
eg
n +B
mn
er σˆ
eg
m σˆ
rg
n +B
mn
rr σˆ
rg
m σˆ
rg
n )|0〉
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We can now write out the equations of motion:
√
2ΩpAc = Bcc(2ωc − 2ω) +
∑
m
√
2g∗mB
m
ce (J8)
ΩpA
m
e = B
m
ce(ωc + ωe − 2ω) +
√
2gmBcc + Ω
∗
mB
m
cr +
∑
n
g∗nB
mn
ee
ΩpA
m
r = B
m
cr(ωc + ωr − 2ω) + ΩmBmce +
∑
n
g∗nB
nm
er
0 = Bmnee (2ωe − 2ω) + (gnBmce + gmBnce) + (Ω∗nBmner + Ω∗mBnmer )
0 = Bmner (ωe + ωr − 2ω) + gmBncr + ΩnBmnee + Ω∗mBmnrr
0 = Bmnrr (2ωr − 2ω + Umn) + ΩmBmner + ΩnBnmer
Where Umn ≡ U(|~xm − ~xn|) is the interaction potential between Rydberg atoms m and n. To proceed, we
next rewrite Bmner in terms of symmetrized coefficients B
mn
erS =
ΩmB
mn
er +ΩnB
nm
er√
|Ωm|2+|Ωn|2
, and anti-symmetrized coefficients
BmnerA =
Ω∗nB
mn
er −Ω∗mBnmer√
|Ωm|2+|Ωn|2
, the latter of which are dark to Bmnrr . The equations of motion become:
√
2ΩpAc = Bcc(2ωc − 2ω) +
∑
m
√
2g∗mB
m
ce (J9)
ΩpA
m
e = B
m
ce(ωc + ωe − 2ω) +
√
2gmBcc + Ω
∗
mB
m
cr +
∑
n
g∗nB
mn
ee
ΩpA
m
r = B
m
cr(ωc + ωr − 2ω) + ΩmBmce +
∑
n
g∗n(− cos θmnBmnerA + sin θmnBmnerS)
0 = Bmnee (2ωe − 2ω) + (gnBmce + gmBnce) + Ωmn(sin 2θmnBmnerS − cos 2θmnBmnerA)
0 = BmnerS(ωe + ωr − 2ω) + gm cos θmnBncr + gn sin θmnBmcr + ΩmnBmnrr + Ωmn sin 2θmnBmnee
0 = BmnerA(ωe + ωr − 2ω) + gm sin θmnBncr − gn cos θmnBmcr − Ωmn cos 2θmnBmnee
0 = Bmnrr (2ωr − 2ω + Umn) + ΩmnBmnerS
Where cos θmn ≡ ΩmΩmn , sin θmn ≡ ΩnΩmn , Ωmn ≡
√
Ω2m + Ω
2
n and we assume Ωm,Ωn real. We can now follow the
procedure that we employed in the preceding section and explicitly eliminate Bmnrr in terms of B
mn
erS , and then B
mn
erS
and BmnerA, and finally B
mn
ee :
Bmnrr = −BmnerS
Ωmn
2ωr − 2ω + Umn (J10)
BmnerA = −
gm sin θmnB
n
cr − gn cos θmnBmcr − Ωmn cos 2θmnBmnee
ωe + ωr − 2ω
BmnerS = −
gm cos θmnB
n
cr + gn sin θmnB
m
cr + Ωmn sin 2θmnB
mn
ee
ωe + ωr − 2ω − Ω2mn2ωr−2ω+Umn
Bmnee =
(gnB
m
ce + gmB
n
ce)− Ωmn(sin 2θmn gm cos θmnB
n
cr+gn sin θmnB
m
cr
ωe+ωr−2ω− Ω
2
mn
2ωr−2ω+Umn
+ cos 2θmn
gm sin θmnB
n
cr−gn cos θmnBmcr
ωe+ωr−2ω )
2ωe − 2ω − Ω2mn sin
2 2θmn
ωe+ωr−2ω− Ω
2
mn
2ωr−2ω+Umn
− Ω2mn cos2 2θmnωe+ωr−2ω
Plugging these equations into the remaining equations determining Bcc,B
m
ce, and B
m
cr explicitly eliminates the ∼ 2N2
equations where neither of two excitations is a cavity photon (both are atomic excitations), leaving only the 2N + 1
equations where either both excitations are resonator photons (one equation) or one is a resonator photon and the
other an atomic excitation. Note that these new equations are completely dense (not sparse), as Bmnee directly couples
Bmcr to B
n
cr and B
m
ce to B
n
ce.
In the simple case that the control beam is uniform across the sample, Ωm = Ω independent of m, then we have
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θmn =
pi
4 , and the equations simplify substantially:
Bmnrr = −BmnerS
√
2Ω
2ωr − 2ω + Umn (J11)
BmnerA = −
1√
2
(gmB
n
cr − gnBmcr)
ωe + ωr − 2ω
BmnerS = −
1√
2
(gmB
n
cr + gnB
m
cr) +
√
2ΩBmnee
ωe + ωr − 2ω − 2Ω22ωr−2ω+Umn
Bmnee =
(gnB
m
ce + gmB
n
ce)− Ω
(
gmB
n
cr+gnB
m
cr
ωe+ωr−2ω− 2Ω22ωr−2ω+Umn
)
2ωe − 2ω − 2Ω2
ωe+ωr−2ω− 2Ω22ωr−2ω+Umn
We can now plug these simplified equations into the remaining equations, to arrive 2N + 1 coupled equations which
must be solved numerically (where we assume the gn are real):
√
2ΩpAc = (2ωc − 2ω)Bcc +
√
2
∑
m
gmB
m
ce (J12)
ΩpA
m
e = (ωc + ωe +
∑
n
|gn|2
Zmn
− 2ω)Bmce +
√
2gmBcc + ΩB
m
cr
(
1 +
∑
n
|gn|2
ZmnYmn
)
+
∑
n
gmgn
Zmn
(
Bmce +B
m
cr
Ω
Ymn
)
ΩpA
m
r = (ωc + ωr +
∑
n
|gn|2
(
Ω2
ZmnY 2mn
+
1
2Ymn
− 1
2(ωe + ωr − 2ω)
)
− 2ω)Bmcr
+ ΩBmce
(
1 +
∑
n
g2n
ZmnYmn
)
+
∑
n
gmgn
(
Ω2
ZmnY 2mn
+
1
2Ymn
+
1
2(ωr + ωe − 2ω)
)
Bncr
+ Ω
∑
m
Bnce
gmgn
ZmnYmn
Where Ymn ≡ 2ω − (ωe + ωr)− 2Ω22ω−(2ωr+Umn) , and Zmn ≡ 2(ω − ωe − 2Ω
2
Ymn
).
It is this last set of equations that we solve numerically, for many ensembles of randomly sampled atoms over a
cross-section larger than the resonator mode waist, to generate the “model” curves for the g2.
